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pathogen may need to evade the host immune system 
(Blader and Saeij 2009).
The achievements in parasites infection are still not 
sufficient compared to the problem scale. The molecular 
genetics technologies have been instrumental in increas-
ing our understanding of T. gondii replication within its 
host cell, DNA damages development and DNA repair 
mechanisms.
DNA sequencing analysis is a key tool in many fields. A 
large number of different sciences are receiving the benefits 
of these techniques, ranging from genetics, biotechnology 
and molecular biology. DNA sequencing is promoting new 
discoveries that are revolutionizing the conceptual founda-
tions of many fields.
DNA sequence analysis in samples from different organ-
isms (yeast, plant, bacteria, parasites and human) by meth-
ods such as the Sanger technique, the Maxam & Gilbert 
technique and the method of single-molecule sequencing 
with exonuclease has been proposed as a useful tool for 
the revealing of structure and function of genes encoding 
DNA repair proteins (Jazayeri and Jackson 2002; Wood 
et al. 2005; Martins-Pinheiro et al. 2007; Gill and Fast 
2007; Singh et al. 2010; Lluch-Senar et al. 2013). Some 
of sequence technologies are methods based on atomic 
force microscopy, on the use of nanopores or ion chan-
nels and DNA microarrays (Mikheikin et al. 2006; Koza-
rewa and Turner 2011; Li et al. 2013). These technologies 
and approaches have been very important in increasing our 
understanding of DNA repair gene variability in various 
organisms, including parasite such as T. gondii (Brown and 
Blader 2009).
The past decade has seen important developments in 
the molecular tools to study T. gondii (Cleary et al. 2002; 
Chaussabel et al. 2003; Bradley et al. 2005; Hitziger et al. 
2005; Saeij et al. 2005, 2007; Nowakowska et al. 2006a, b; 
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Introduction
Some reports document the Toxoplasma gondii infection 
as related to extensive manipulation of host cell processes, 
including the control of the cell cycle, apoptosis and DNA 
damage response (Blader and Saeij 2009). In addition, 
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Dellacasa-Lindberg et al. 2007; Frankel et al. 2007; Nelson 
et al. 2008; Xia et al. 2008; Gubbels et al. 2008).
Molecular analysis includes the development of trans-
fection (Soldati and Boothroyd 1993; Donald and Roos 
1993; Sibley et al. 1994) and proteomic technologies, 
sequencing of both host and parasite genomes (Blader et al. 
2001; Saeij et al. 2007; Xia et al. 2008) and large-scale 
mutagenesis-based screens (Frankel et al. 2007; Gubbels 
et al. 2008).
In this review, we will focus our discussion on how 
the function of DNA repair mechanism contributed to the 
developments infections of parasites such as Toxoplasma 
gondii.
DNA repair mechanisms and Toxoplasma gondii 
infection
Toxoplasma gondii belongs to the eukaryotic phylum Api-
complexa, which infects about one-third world population 
(Sullivan and Jeffers 2012; Nowakowska et al. 2013).
DNA repair system is very important for the survival 
of obligate intracellular parasite T. gondii. Recent genetic 
and bioinformatics analyses confirm the presence of DNA 
repair machinery in this lower eukaryote (Silva et al. 2007; 
Onyangoa et al. 2011; Achanta et al. 2012). However, little 
is known about DNA repair mechanisms and the proteins 
involved in apicomplexan parasites such as T. gondii.
Although various organisms (human, yeast, plant, bac-
teria and parasites) contain different DNA repair mecha-
nisms, the repair of a specific DNA damage is often con-
served from bacteria to human, and in many cases, the 
proteins are highly similar (Cromie et al. 2001). Experi-
mental analyses indicate that a T. gondii DNA repair pro-
tein TgDRE (Tg DNA repair enzyme) belongs to a large 
family of proteins containing RNA recognition motifs 
(RRM), glycine-rich motifs (G-patch) and a specific motif 
named SF45. SF45 motif is similar to the human splicing 
factor 45 protein, which is a component of the spliceo-
some (Neubauer et al. 1998). The presence of the two first 
motifs RRM and G-patch suggests that TgDRE may also 
be involved in RNA metabolism in addition to its DNA 
repair activity. TgDRE may be essential for parasite growth 
as expected for a protein involved in DNA repair and con-
servation of genome integrity. Further analysis is now in 
progress to identify the protein partners of TgDRE in the 
Toxoplasma gondii.
The protozoan parasites survival depends on DNA repair 
systems that constantly supervise chromosomes to correct 
damaged nucleotides generated by cytotoxic agents, host 
immune pressure or cellular processes.
Pathogen entry into the cell is sufficient to cause the spe-
cific breaks. Resistance to antiprotozoan agents that induce 
DNA damage has been associated with increased expres-
sion of DNA repair genes and the development of T. gondii 
infections.
Among all DNA damages such as oxidation of bases, 
alkylation of bases, hydrolysis of bases, bulky adduct for-
mation, mismatch of bases and double-strand breaks (DSB) 
are most mortal to cell.
Unrepaired DNA damage can lead to mutation, vari-
ous diseases development or cell death. There are known 
five systems of DNA repair: pathway of direct reversion 
of damage, base excision repair (BER), nucleotide exci-
sion repair (NER), mismatch repair (MMR), homologous 
recombination (HR) and nonhomologous DNA end-joining 
(NHEJ).
Limited work indicates that BER undergoes parasites-
related changes, which are likely to contribute to the accu-
mulation of oxidative DNA lesions and mutations (Nathan 
and Shiloh 2000; Wilson and Bohr 2007; Almeida and 
Sobol 2007; Vonlaufen et al. 2008). The protozoan infec-
tion to cell is associated with reactive oxygen species (ROS) 
production (Vonlaufen et al. 2008). Immune system activa-
tion in response to parasite infections produces ROS (Fin-
kel and Holbrook 2000; Halliwell and Gutteridge 2007). It 
is knowledge that ROS induce cellular proteins, lipids and 
DNA damage (Splettstoesser and Schuff-Werner 2002).
Base excision repair (BER) is critically important for 
repairing base damage induced by ROS. BER corrects 
small DNA alterations that do not distort the overall struc-
ture of DNA helix, such as oxidized bases, or incorpora-
tion of uracil. BER is classified into two subpathways: 
short-patch BER, a mechanism whereby only 1 nucleotide 
is replaced or long-patch BER, a mechanism whereby 2–13 
nucleotides are replaced. BER is initiated by DNA glyco-
sylases, which cleave N-glycosylic bond of damaged bases 
leaving apurinic/apyrimidinic site (AP site) (Wilson and 
Bohr 2007; Almeida and Sobol 2007). If not repaired by 
AP endonucleases in dividing cells, AP sites have dramatic 
consequences as they can lead to single and subsequently 
double DNA strand breaks, which are lethal to the cell 
(Evans et al. 2000).
Finally, it is postulated that processes similar to DNA 
BER must exist to rectify spontaneous and host-mediated 
damage in T. gondii.
It is knowledge that intracellular protozoan parasites 
are exposed to oxidative stress produced by immune effec-
tor cells (Nathan and Shiloh 2000; Vonlaufen et al. 2008). 
It has been established that parasites are highly sensitive 
to ROS (Vonlaufen et al. 2008). Therefore, intracellular 
organisms may suffer extensive damage to DNA that must 
be repaired for genomic stability and survival (Vonlaufen 
et al. 2008).
Very important to T. gondii is the generation of abasic 
sites in DNA, which result from removal of oxidized or 
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alkylated bases. These sites are repaired by AP endonucle-
ases during BER. AP endonucleases have been studied in 
kinetoplastid parasites (Perez et al. 1999).
Onyangoa et al. (2011) showed that AP endonucleases in 
the obligate intracellular parasite Toxoplasma gondii would 
be critical for viability by protecting against DNA dam-
age and particularly in the context of host immune insults 
on the parasite. T. gondii possesses two apurinic/apyrimi-
dinic (AP) endonucleases that function in DNA BER. 
Several study confirms the presence of two apurinic/apy-
rimidinic (AP) endonucleases in Toxoplasma gondii, the 
Mg2+-dependent TgAPE and Mg2+-independent TgAPN 
(Onyangoa et al. 2011). Toxoplasma TgAPE exists as two 
forms, the shorter one being in the cytoplasm and possibly 
the apicoplast. It is known that localization of TgAPE to 
the apicoplast is essential for Toxoplasma viability (Fichera 
and Roos 1997). Alteration of TgAPN levels alters suscep-
tibility of the parasite to DNA damage. Overexpression 
of TgAPE failed to provide protection against alkylating 
agents. Further molecular biology study into the precise 
role of both (AP) endonucleases, TgAPN and TgAPE, in 
the parasite is an important future analysis.
In conclusion, DNA BER is essential for T. gondii via-
bility but little is known about BER type of DNA repair 
machineries that exist in this parasite.
Nucleotide excision repair system removes short DNA 
oligonucleotides containing a damaged base (Hanawalt 
2002). NER recognizes bulky lesions caused by carcino-
genic compounds and covalent linkages between adjacent 
pyrimidines resulting from UV exposure. NER is further 
classified into global genome repair (GG–NER) that occurs 
everywhere in the genome, and transcription-coupled repair 
(TCR), which removes lesions in the transcribed strand of 
active genes. NER is a multistep process involving multi-
ple proteins such as ERCC3, PCNA, RPA, XPA and p53 
(Christiansen et al. 2000; Goukassian et al. 2000).
Most genes involved in nucleotide excision repair sys-
tem are represented in eukaryotic parasites such as E. histo-
lytica, G. lamblia, P. falciparum and T. vaginalis genomes 
suggesting that this mechanism could be potentially active 
in these parasites (López-Camarillo et al. 2009). Nucleo-
tide excision repair system is an important repair pathway 
during the parasite Schistosoma mansoni life cycle (Silva 
et al. 2007), but the role of NER in T. gondii life cycle has 
not yet been clarified. The DNA damage in intracellular 
parasites is great, but very little is known about the NER 
type of DNA repair machineries that exist in Toxoplasma. 
Future work will be needed to further our understanding 
of the underlying nucleotide excision repair mechanism in 
Toxoplasma.
The mismatch repair (MMR) system is important for 
promoting the genetic stability of eukaryotes and prokary-
otes (Martin and Scharff 2002). MMR proteins recognize 
DNA mismatches that are produced during DNA rep-
lication, homologous recombination, deamination of 
5-methyl-cytosine or other forms of DNA damage. The 
repair process is then mobilized to correct these mutations. 
In addition, the MMR system also inhibits homologous 
recombination between nonidentical sequences. The MMR 
system is also thought to play a role in repair of oxidative 
damage by mechanisms that are not well understood (Skin-
ner and Turker 2005). MMR is essential for maintenance of 
repeated sequences, as mutations in MMR genes are asso-
ciated with a substantial destabilization of microsatellites 
(Karran 1996), and microsatellite instability increases with 
aging in humans (Ben Yehuda et al. 2000; Krichevsky et al. 
2004; Neri et al. 2005).
MMR is a highly conserved repair pathway that func-
tions in improving replication fidelity by correcting repli-
cation-associated base–base and insertion/deletion mispairs 
(Li 2008). MMR also suppresses HR and plays a role in 
DNA damage signaling (Li 2008).
The main MMR pathway is initiated by the recognition 
of a mismatch by the heterodimer consisting of the MSH2 
and MSH6 proteins (also called MutSα). MutSα is respon-
sible for the recognition of base mismatches and insertion/
deletion (IDLs) in mono- to tetranucleotide repeats. This 
complex, MutSα, is able to recognize most base–base mis-
matches and short IDLs (Hsieh and Yamane 2008).
MutS homologues are very important components 
of the eukaryotic mismatch repair system. Moreover to 
repair mismatched DNA, mismatch repair enzymes are 
known in higher eukaryotes to directly signal cell cycle 
arrest and apoptosis in response to DNA-damaging agents. 
H. sapiens and many other organisms such as parasites 
including T. gondii have almost all MMR genes, incorpo-
rating the components of the MutSα (MSH2/MSH6) het-
erodimer, which strongly suggest that MMR could be an 
active DNA repair pathway. The consequences of defec-
tive mismatch repair (MMR) are mutagenic parasites that 
generate increased genome heterozygosity in the form of 
new mutations that include alterations in key drug resist-
ance genes. Experimental data imply that defective DNA 
mismatch repair (MMR) contributes to the development 
of multidrug resistance by Plasmodium falciparum para-
sites (Castellini et al. 2011). Literature data suggest that 
the disruption of TgMSH-1, an MSH in T. gondii, confers 
drug resistance.
In conclusion, at present, little is known about MMR 
and Toxoplasma gondii biology. The future of Toxoplasma 
research should reveal more interesting parasite effectors 
that modulate the mismatch repair.
Repairing double-strand breaks (DSB) is absolutely 
essential for the survival of obligate intracellular parasite T. 
gondii (Bhattacharyya et al. 2004). DSB are the most lethal 
of all DNA lesions. If not corrected, it leads to a loss of 
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chromosome segments, threatening cell survival (Hande 
2004).
A DSB can be repaired either by homologous recombi-
nation (HR) or by nonhomologous recombination (NHEJ) 
(Walker et al. 2001; Jackson 2002; Christmann et al. 2003; 
Helleday 2003). During HR-mediated repair of DSB, the 
sister chromatid is used as a template to copy the missing 
information into the broken locus. Repair by HR is medi-
ated by Rad51 protein with the help of other members of 
Rad52, Rad54 and Rad55 epistasis group (Hays et al. 
1995).
TgRad51 is the first member of the recombination 
machinery of T. gondii to be characterized. The protein 
TgRad51 is very important in the recombination machin-
ery of Toxoplasma gondii (Achanta et al. 2012). TgRad51 
involved in targeted gene disruption has not been charac-
terized yet. The existence of Rad54, Rad50 and Mre11 in 
T. gondii genome suggests that this parasite does possess a 
functional recombinosome. Interestingly, the apparent lack 
of Rad52 in T. gondii is suggestive of a Rad52 independent 
recombination mechanism in this pathogen (Achanta et al. 
2012).
The NHEJ pathway simply fuses two broken ends with 
little or no regard for sequence homology. In the NHEJ 
pathway, Ku70 and Ku80 then bind the DSB, followed by 
recruitment and activation of DNA–protein kinase (DNA-
PK) (Walker et al. 2001). Ku facilitates recruitment of 
Artemis–DNA-PKcs complex, which processes the ends to 
prepare them for ligation.
Prokaryotes and lower eukaryotes prefer high-fidelity 
repair mechanism such as HR, whereas higher eukary-
otes show preference toward mutagenic NHEJ pathway. 
It is knowledge that T. gondii prefers NHEJ, which is also 
used to repair DNA in broken chromosomes, and arbitrar-
ily reinserts targeting DNA segments at incorrect locations. 
Because the HR machinery is weak in T. gondii, targeted 
gene disruption or tagging of endogenous genes is very less 
efficient in this parasite (Donald and Roos 1998).
The Toxoplasma gondii genome reveals genes encoding 
putative DNA ligase IV and DNA-dependent protein kinase 
components of eukaryotic nonhomologous recombination. 
Experimental results show ku80 to be an essential compo-
nent of the NHEJ mechanism in T. gondii (Fox et al. 2009). 
Fox et al. showed that in a ku80 knock out background, 
there is a 300–400-fold increase in targeted gene disruption 
in Toxoplasma parasite (Fox et al. 2009). In the absence of 
ku80, homologous recombination predominates. Several 
laboratories have demonstrated enhanced gene targeting in 
ku80 null T. gondii (Fox et al. 2009; Huynh and Carruthers 
2009). However, as expected, there is no change in gene 
targeting efficiency in ku80 null parasite lines (Fox et al. 
2009). Further research will be necessary to determine pre-
cisely how DSB repair is activating in T. gondii.
In conclusion, the obtained data suggest that DNA repair 
mechanisms play an important role in Toxoplasma gondii 
biology. The investigation of DNA repair system during 
pathogens infection goes on.
DNA repair contributes to immune system and T. gondii 
infections
Immunological system is very important in response to for-
eign pathogens such as Toxoplasma gondii. Moreover, its 
maturation and function during human lifespan are depend-
ent on DNA repair machinery.
DNA repair system plays a key role during matura-
tion of immune system. Defects in DNA damage response 
pathways result in block of T lymphocyte differentiation 
and lead to pathogens and viral infections. B and T lym-
phocytes respond to invasion of pathogens by specialized 
antigenic receptor: the T-cell receptor (TCR) and B-cell 
receptor (BCR). The required diversity of these receptors 
is ensured by the V(D)J (variable (V), diversity (D) and 
joining (J) encoding gene) recombination process (Fig. 1). 
NHEJ pathway is very important in V(D)J recombina-
tion (Jain et al. 2009). The rearrangement of V(D)J gene 
is absolutely essential for many form of TCR and BCR 
receptors creation. In this process participates a component 
of the NHEJ repair complex such as DNA-PK complex 
formed by Ku70 (XRCC6), Ku80 (XRCC5), the DNA-
PKcs catalytic subunit (XRCC7, Mu-scid) and the XRCC4/
DNA ligase IV (Moshous et al. 2001; Buck et al. 2006). 
DNA-PK recruits the processing enzyme Artemis, while 
the XRCC4/DNA ligase IV complex together with Cernun-
nos terminates the reaction by rejoining the broken DNA 
ends. Artemis and Cernunnos belong to two novel DNA 
repair factors (Moshous et al. 2001; Buck et al. 2006).
NHEJ is involved in immunological system maturating, 
cell–cell and cell–matrix adhesion (Tonegawa 1983). The 
precise function and activities of these NHEJ factors are 
very important for immune system development. Defects 
of NHEJ during receptors maturation may be associated 
with immunodeficiency and easy pathogen such as T. gon-
dii infection. V(D)J recombination defects cause about 
20 % of severe combined immunodeficiencies disorders 
in humans (Revy et al. 2005). Disturbance of the immune 
system is associated with loss of critical immune functions, 
such as protection from infection.
DNA repair gene polymorphism and T. gondii infections
DNA repair genes are involved in the control of the genome 
stability and integrity (Christmann et al. 2003). Table 1 pre-
sents the key genes belonging to DNA repair machinery. 
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DNA repair gene is highly polymorphic. The question 
appears whether genetic polymorphism in DNA repair gene 
may be correlated with variation in DNA repair efficiency 
during parasite infection. The presence of the various com-
bined genotype of the single nucleotide polymorphisms of 
DNA repair genes may be associated with the risk of vari-
ous diseases. Therefore, the analysis of DNA repair gene 
polymorphism during pathogen infection may represent an 
advance in the study of toxoplasmosis pathogenesis.
Toxoplasma gondii may be associated with ocular and 
brain lesions (Furtado et al. 2013; Finsterer and Auer 
2012). In the literature, several reports confirm the signifi-
cance DNA repair genes polymorphism, regarding the risk 
of ocular and brain diseases (Jacobs and Bracken 2012; 
Fig. 1  Variable (diversity) joining (V(D)J) encoding gene recom-
bination process. Step 1: The Rag1/2 complex introduces a DNA 
double-strand break at the border between VH and DH segments and 
their respective recombination signal sequences (RSS), creating hair-
pin-sealed coding ends and blunt signal ends. Step 2: Artemis, which 
is phosphorylated by the Ku/DNA-PK complex, opens the hairpins 
through its endonuclease activity. Step 3: The XRCC4/Cernunnos/
DNA-LigaseIV complex finally seals coding and signal joins
Table 1  The key genes of DNA damage repair pathways
DNA repair mechanism Gene
Base excision repair (BER) APE1, APE2, APTX, DNA2, FEN1, LIG1,
LIG3, MBD4, MPG, MUTYH, NEIL1, NEIL2, NEIL3, NTHL1, SMUG1, TDG, TDP1, UNG, XRCC1, 
NUDT1, OGG1, PARP1, PARP2, PNKP, POLB, POLG
Mismatch mediated repair (MMR) EXO1, HMBG1, LIG1, MLH1, MLH3, MSH2, MSH3, MSH6, PCNA, PMS1, PMS2, POLd, RFC, RPA
Nucleotide excision repair (NER) CEN2, CSA, CSB, CUL4A, DDB1, DDB2/XPE, ERCC1, ERCC4/XPF, HR23B,
LIG1, LIG3, POL D/E, RPA, TFIIH, XPA, XPC, XPG, XRCC1
Homology repair (HR) ATM, ATR, BLM, BRCA1, EME1, EXO1
FANCD/BRCA2, FANCF, FANCM, FANCN, GEN1, MRE11, NBS1, Rad50, Rad51, Rad52, Rad54, 
RecQ4, RPA, WRN, XRCC2, XRCC3
Nonhomologous end-joining (NHEJ) ARTEMIS, ATM, ATR, DNA-PKcs, Ku70, Ku80, LIG4, POL4, XRCC4
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Chen et al. 2012; Wibom et al. 2012; Montelli et al. 2011; 
Kundu et al. 2011; Messaoud et al. 2010, Felini et al. 2007). 
It is supposed that parasite infection may be correlated with 
DNA repair genes polymorphism previously implicated in 
congenital or juvenile onset ocular lesions and brain dis-
eases. The genetics variable has been identified in several 
DNA repair genes, but the influence of specific genetic var-
iants on repair phenotype and T. gondii infection risk has 
not yet been clarified.
Conclusion
The pathogenesis of toxoplasmosis remains largely 
unknown. There is great controversy regarding which fac-
tors are responsible for the occurrence or recurrence of 
toxoplasmosis. DNA repair mechanisms play an important 
role in Toxoplasma gondii biology. The protozoan parasites 
survival depends on DNA repair systems. In future, under-
standing of these processes can prevent from parasitic dis-
eases based on not sufficient DNA repair processes.
Conflict of interest The authors declare no conflict of interest.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s) 
and the source are credited.
References
Achanta SS, Varunan SS, Bhattacharyya S, Bhattacharyya MK 
(2012) Characterization of RAD51 from apicomplexan parasite 
Toxoplasma gondii. An implication for inefficient gene targeting. 
PLoS One 7:e41925
Almeida KH, Sobol RW (2007) A unified view of base excision 
repair: lesion-dependent protein complexes regulated by post-
translational modification. DNA Repair (Amst) 6:695–711
Ben Yehuda A, Globerson A, Krichevsky S, Bar On H, Kidron M, 
Friedlander Y, Friedman G, Ben Yehuda D (2000) Ageing and the 
mismatch repair system. Mech Ageing Dev 121:173–179
Bhattacharyya MK, Norris DE, Kumar N (2004) Molecular players of 
homologous recombination in protozoan parasites: implications 
for generating antigenic variation. Infect Genet Evol 4:91–98
Blader IJ, Saeij JP (2009) Communication between Toxoplasma gon-
dii and its host: impact on parasite growth, development, immune 
evasion, and virulence. APMIS 117:458–476
Blader IJ, Manger ID, Boothroyd JC (2001) Microarray analysis 
reveals previously unknown changes in Toxoplasma gondii-
infected human cells. J Biol Chem 276:24223–24231
Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, Coombs GH, 
Dunn JD, Ferguson DJ, Sanderson SJ, Wastling JM, Boothroyd 
JC (2005) Proteomic analysis of rhoptry organelles reveals many 
novel constituents for host-parasite interactions in Toxoplasma 
gondii. J Biol Chem 280:34245–34258
Brown KM, Blader IJ (2009) The role of DNA microarrays in Toxo-
plasma gondii research, the causative agent of ocular toxoplas-
mosis. J Ocul Biol Dis Inform 2:214–222
Buck D, Malivert L, de Chasseval R et al (2006) Cernunnos, a novel 
nonhomologous endjoining factor, is mutated in human immuno-
deficiency with microcephaly. Cell 124:287–299
Castellini MA, Buguliskis JS, Castal LJ, Butz ChE, Clark AB, Kundel 
TA, Taraschi TF (2011) Malaria drug resistance is associated with 
defective DNA. Mol Biochem Parasitol 177:143–147
Chaussabel D, Semnani RT, McDowell MA, Sacks D, Sher A, Nut-
man TB (2003) Unique gene expression profiles of human mac-
rophages and dendritic cells to phylogenetically distinct parasites. 
Blood 102:672–681
Chen DQ, Yao DX, Zhao HY, Yang SJ (2012) DNA repair gene 
ERCC1 and XPD polymorphisms predict glioma susceptibility 
and prognosis. Asian Pac J Cancer Prev 13:2791–2794
Christiansen M, Stevnsner T, Bohr VA, Clark BF, Rattan SI (2000) 
Gene-specific DNA repair of pyrimidine dimers does not decline 
during cellular aging in vitro. Exp Cell Res 256:308–314
Christmann M, Tomicic MT, Roos WP, Kaina B (2003) Mechanisms 
of human DNA repair: an update. Toxicology 193:3–34
Cleary MD, Singh U, Blader IJ, Brewer JL, Boothroyd JC (2002) Tox-
oplasma gondii asexual development: identification of develop-
mentally regulated genes and distinct patterns of gene expression. 
Eukaryot Cell 1:329–340
Cromie GA, Connelly JC, Leach DR (2001) Recombination at dou-
ble-strand breaks and DNA ends: conserved mechanisms form 
phage to humans. Mol Cell 8:1163–1174
Dellacasa-Lindberg I, Hitziger N, Barragan A (2007) Localized recru-
descence of Toxoplasma infections in the central nervous system 
of immunocompromised mice assessed by in vivo biolumines-
cence imaging. Microbes Infect 9:1291–1298
Donald RG, Roos DS (1993) Stable molecular transformation of Tox-
oplasma gondii: a selectable dihydrofolate reductase-thymidylate 
synthase marker based on drug-resistance mutations in malaria. 
Proc Natl Acad Sci USA 90:11703–11707
Donald RG, Roos DS (1998) Gene knock-outs and allelic replace-
ments in Toxoplasma gondii: HXGPRT as a selectable marker for 
hit-and-run mutagenesis. Mol Biochem Parasitol 91:295–305
Evans AR, Limp-Foster M, Kelley MR (2000) Going APE over ref-1. 
Mutat Res 461:83–108
Felini MJ, Olshan AF, Schroeder JC, North KE, Carozza SE, Kel-
sey KT, Liu M, Rice T, Wiencke JK, Wrensch MR (2007) DNA 
repair polymorphisms XRCC1 and MGMT and risk of adult glio-
mas. Neuroepidemiology 29:55–58
Fichera ME, Roos DS (1997) A plastid organelle as a drug target in 
apicomplexan parasites. Nature 390:407–409
Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress and the biol-
ogy of ageing. Nature 408:239–247
Finsterer J, Auer H (2012) Parasitoses of the human central nervous 
system. J Helminthol 10:1–14
Fox BA, Ristuccia JG, Gigley JP, Bzik DJ (2009) Efficient gene 
replacements in Toxoplasma gondii strains deficient for non 
homologous end joining. Eukaryot Cell 8:520–529
Frankel MB, Mordue DG, Knoll LJ (2007) Discovery of parasite viru-
lence genes reveals a unique regulator of chromosome condensa-
tion 1 ortholog critical for efficient nuclear trafficking. Proc Natl 
Acad Sci USA 104:10181–10186
Furtado JM, Winthrop KL, Butler NJ, Smith JR (2013) Ocular toxo-
plasmosis I: parasitology, epidemiology and public health. Clin 
Experiment Ophthalmol 41:82–94
Garrison EM, Arrizabalaga G (2009) Disruption of a mitochondrial 
MutS DNA repair enzyme homolog confers drug resistance in the 
parasite Toxoplasma gondii. Mol Microbiol 72:425–441
Gill EE, Fast NM (2007) Stripped-down DNA repair in a highly 
reduced parasite. BMC Mol Biol 8:24
Goukassian D, Gad F, Yaar M, Eller MS, Nehal US, Gilchrest BA 
(2000) Mechanisms and implications of the age-associated 
decrease in DNA repair capacity. FASEB J 14:1325–1334
7Arch Microbiol (2014) 196:1–8 
1 3
Gubbels MJ, Lehmann M, Muthalagi M, Jerome ME, Brooks CF, 
Szatanek T, Flynn J, Parrot B, Radke J, Striepen B, White MW 
(2008) Forward genetic analysis of the apicomplexan cell divi-
sion cycle in Toxoplasma gondii. PLoS Pathog 4:e36
Halliwell B, Gutteridge J (2007) Free radicals in biology and medi-
cine. Oxford University Press, Oxford
Hanawalt PC (2002) Subpathways of nucleotide excision repair and 
their regulation. Oncogene 21:8949–8956
Hande MP (2004) DNA repair factors and telomere-chromo-
some integrity in mammalian cells. Cytogenet Genome Res 
104:116–122
Hays SL, Firmenich AA, Berg P (1995) Complex formation in yeast 
double strand break repair: participation of Rad51, Rad52, Rad55 
and Rad57 proteins. Proc Natl Sci Acad 92:6925–6929
Helleday T (2003) Pathways for mitotic homologous recombination 
in mammalian cells. Mutat Res 532:103–115
Hitziger N, Dellacasa I, Albiger B, Barragan A (2005) Dissemination 
of Toxoplasma gondii to immunoprivileged organs and role of 
Toll/interleukin-1 receptor signalling for host resistance assessed 
by in vivo bioluminescence imaging. Cell Microbiol 7:837–848
Hsieh P, Yamane K (2008) DNA mismatch repair: molecular mecha-
nism, cancer, and ageing. Mech Ageing Dev 129:391–407
Huynh MH, Carruthers VB (2009) Tagging of endogenous genes in a 
Toxoplasma gondii strain lacking Ku80. Eukaryot Cell 8:530–539
Jackson SP (2002) Sensing and repairing DNA double-strand breaks. 
Carcinogenesis 23:687–696
Jacobs DI, Bracken MB (2012) Association between XRCC1 poly-
morphism 399 G- > A and glioma among Caucasians: a system-
atic review and meta-analysis. BMC Med Genet 26:13–97
Jain S, Sugawara N, Lydeard J et al (2009) A recombination execu-
tion checkpoint regulates the choice of homologous recombina-
tion pathway during DNA double-strand break repair. Genes Dev 
23:291–303
Jazayeri A, Jackson SP (2002) Screening the yeast genome for new 
DNA-repair genes. Genome Biol 3:1009.1–1009.5
Karran P (1996) Microsatellite instability and DNA mismatch repair 
in human cancer. Semin Cancer Biol 7:15–24
Kozarewa I, Turner DJ (2011) 96-plex molecular barcoding for the 
Illumina Genome Analyzer. Methods Mol Biol 733:279–298
Krichevsky S, Pawelec G, Gural A, Effros RB, Globerson A, Yehuda 
DB, Yehuda AB (2004) Age related microsatellite instability in T 
cells from healthy individuals. Exp Gerontol 39:507–515
Kundu M, Ghosh P, Mitra S, Das JK, Sau TJ, Banerjee S, States JC, 
Giri AK (2011) Precancerous and non-cancer disease endpoints 
of chronic arsenic exposure: the level of chromosomal damage 
and XRCC3 T241 M polymorphism. Mutat Res 706:7–12
Li GM (2008) Mechanisms and functions of DNA mismatch repair. 
Cell Res 18:85–98
Li W, Bell NA, Hernández-Ainsa S, Thacker VV, Thackray AM, Buj-
doso R, Keyser UF (2013) Single protein molecule detection by 
glass nanopores. ACS Nano 7:4129–4134
Lluch-Senar M, Luong K, Lloréns-Rico V, Delgado J, Fang G, Spittle 
K, Clark TA, Schadt E, Turner SW, Korlach J, Serrano L (2013) 
Comprehensive methylome characterization of Mycoplasma gen-
italium and Mycoplasma pneumoniae at single-base resolution. 
PLoS Genet 9:e1003191
López-Camarillo C, Lopez-Casamichana M, Weber C, Guillen N, 
Orozco E, Marchat LA (2009) DNA repair mechanisms in eukar-
yotes: Special focus in Entamoeba histolytica and related proto-
zoan parasites. Infect Genet Evol 9:1051–1056
Martin A, Scharff MD (2002) AID and mismatch repair in antibody 
diversification. Nat Rev Immunol 2:605–614
Martins-Pinheiro M, Marques RC, Menck CF (2007) Genome analy-
sis of DNA repair genes in the alpha proteobacterium Caulobac-
ter crescentus. BMC Microbiol 7:17
Messaoud O, Ben Rekaya M, Cherif W, Talmoudi F, Boussen H, 
Mokhtar I, Boubaker S, Amouri A, Abdelhak S, Zghal M 
(2010) Genetic homogeneity of mutational spectrum of group-
A xeroderma pigmentosum in Tunisian patients. Int J Dermatol 
49:544–548
Mikheikin AL, Lushnikov AY, Lyubchenko YL (2006) Effect of DNA 
supercoiling on the geometry of holliday junctions. Biochemistry 
45:12998–13006
Montelli TC, Peraçoli MT, Rogatto SR, Kaneno R, do Prado CH, 
de Rocha PM (2011) Genetic and modifying factors that deter-
mine the risk of brain tumors. Cent Nerv Syst Agents Med Chem 
11:8–30
Moshous D, Callebaut I, de Chasseval R et al (2001) Artemis, a novel 
DNA double-strand break repair/V(D)J recombination protein, 
is mutated in human severe combined immune deficiency. Cell 
105:177–186
Nathan C, Shiloh MU (2000) Reactive oxygen and nitrogen interme-
diates in the relationship between mammalian hosts and micro-
bial pathogens. Proc Natl Acad Sci U S A 97:8841–8848
Nelson MM, Jones AR, Carmen JC, Sinai AP, Burchmore R, Wastling 
JM (2008) Modulation of the host cell proteome by the intracel-
lular apicomplexan parasite Toxoplasma gondii. Infect Immun 
76:828–844
Neri S, Gardini A, Facchini A, Olivieri F, Franceschi C, Ravaglia G, 
Mariani E (2005) Mismatch repair system and aging: microsatel-
lite instability in peripheral blood cells from differently aged par-
ticipants. J Gerontol Biol Sci Med Sci 60:285–292
Neubauer G, King A, Rappsilber J, Calvio C, Watson M, Ajuh P, Slee-
man J, Lamond A, Mann M (1998) Mass spectrometry and EST-
database searching allows characterization of the multi-protein 
spliceosome complex. Nat Genet 20:46–50
Nowakowska D, Colón I, Remington JS, Grigg M, Golab E, Wilczyn-
ski J, Sibley LD (2006a) Genotyping of Toxoplasma gondii by 
multiplex PCR and peptide-based serological testing of samples 
from infants in Poland diagnosed with congenital toxoplasmosis. 
J Clin Microbiol 44:1382–1389
Nowakowska D, Stray-Pedersen B, Spiewak E, Sobala W, Małafiej 
E, Wilczyn´ski J (2006b) Prevalence and estimated incidence 
of Toxoplasma infection among pregnant women in Poland: a 
decreasing trend in the younger population. Clin Microbiol Infect 
12:913–917
Nowakowska D, Wujcicka W, Sobala W, S´piewak E, Gaj Z, 
Wilczyn´ski J (2013) Age-associated prevalence of Toxoplasma 
gondii in 8281 pregnant women in Poland between 2004 and 
2012. Epidemiol Infect 31:1–6
Onyangoa DO, Nguleswarana A, Delaplaneb S, Reedc A, Kelleya 
MR, Georgiadisb MM, Sullivan WJ (2011) Base excision repair 
apurinic/apyrimidinic endonucleases in apicomplexan parasite 
Toxoplasma gondii. DNA Repair (Amst) 10:466–475
Perez J, Gallego C, Bernier-Villamor V, Camacho A, Gonzalez-Pac-
anowska D, Ruiz-Perez LM (1999) Apurinic/apyrimidinic endo-
nuclease genes from the trypanosomatidae leishmania major and 
Trypanosoma cruzi confer resistance to oxidizing agents in DNA 
repair-deficient Escherichia coli. Nucleic Acids Res 27:771–777
Revy P, Buck D, le Deist F, de Villartay JP (2005) The repair of DNA 
damages/modifications during the maturation of the immune sys-
tem: lessons from human primary immunodeficiency disorders 
and animal models. Adv Immunol 87:237–295
Saeij JP, Boyle JP, Grigg ME, Arrizabalaga G, Boothroyd JC (2005) 
Bioluminescence imaging of Toxoplasma gondii infection in 
living mice reveals dramatic differences between strains. Infect 
Immun 73:695–702
Saeij JP, Coller S, Boyle JP, Jerome ME, White MW, Boothroyd JC 
(2007) Toxoplasma co-opts host gene expression by injection of a 
polymorphic kinase homologue. Nature 445:324–327
8 Arch Microbiol (2014) 196:1–8
1 3
Sibley LD, Messina M, Niesman IR (1994) Stable DNA transforma-
tion in the obligate intracellular parasite Toxoplasma gondii by 
complementation of tryptophan auxotrophy. Proc Natl Acad Sci 
USA 91:5508–5512
Silva CS, Silva SH, Pereira-Júnior OS, Cabral FJ, Costa-Cruz JM, 
Rodrigues V (2007) Schistosoma mansoni: gene expression of 
the nucleotide excision repair factor 2 (NEF2) during the parasite 
life cycle, and in adult worms after exposure to different DNA-
damaging agents. Acta Trop 104:52–62
Singh SK, Roy S, Choudhury SR, Sengupta DN (2010) DNA repair 
and recombination in higher plants: insights from comparative 
genomics of Arabidopsis and rice. BMC Genomics 11:443
Skinner AM, Turker MS. (2005) Oxidative mutagenesis, mismatch 
repair, and aging. Sci Aging Knowledge Environ 2005(9):re3
Soldati D, Boothroyd JC (1993) Transient transfection and expression 
in the obligate intracellular parasite Toxoplasma gondii. Science 
260:349–352
Splettstoesser WD, Schuff-Werner P (2002) Oxidative stress in 
phagocytes: ‘the enemy within’. Micr Res Tec 57:441–455
Sullivan WJ Jr, Jeffers V (2012) Mechanisms of Toxoplasma gondii 
persistence and latency. FEMS Microbiol Rev 36:717–733
Tonegawa S (1983) Somatic generation of antibody diversity. Nature 
302:575–581
Vonlaufen N, Kanzok SM, Wek RC, Sullivan WJ (2008) Stress 
response pathways in protozoan parasites. Cell Microbial 
10:2387–2399
Walker JR, Corpina RA, Goldberg J (2001) Structure of the Ku het-
erodimer bound to DNA and its implications for double-strand 
break repair. Nature 412:607–614
Wibom C, Sjöström S, Henriksson R, Brännström T, Broholm H, 
Rydén P, Johansen C, Collatz-Laier H, Hepworth S, McKin-
ney PA, Bethke L, Houlston RS, Andersson U, Melin BS (2012) 
DNA-repair gene variants are associated with glioblastoma sur-
vival. Acta Oncol 51:325–332
Wilson DM, Bohr VA (2007) The mechanics of base excision repair, 
and its relationship to aging and disease. DNA Repair (Amst) 
6:544–559
Wood RD, Mitchell M, Lindahl T (2005) Human DNA repair genes. 
Mutat Res 577:275–283
Xia D, Sanderson SJ, Jones AR, Prieto JH, Yates JR, Bromley E, 
Tomley FM, Lal K, Sinden RE, Brunk BP, Roos DS, Wastling JM 
(2008) The proteome of Toxoplasma gondii: integration with the 
genome provides novel insights into gene expression and annota-
tion. Genome Biol 9:R116
